This article reports on the International Nanofluid Property Benchmark Exercise, or INPBE, in which the thermal conductivity of identical samples of colloidally stable dispersions of nanoparticles or "nanofluids," was measured by over 30 organizations worldwide, using a variety of experimental approaches, including the transient hot wire method, steady-state methods, and optical methods. The nanofluids tested in the exercise were comprised of aqueous and nonaqueous basefluids, metal and metal oxide particles, near-spherical and elongated particles, at low and high particle concentrations. The data analysis reveals that the data from most organizations lie within a relatively narrow band ͑Ϯ10% or less͒ about the sample average with only few outliers. The thermal conductivity of the nanofluids was found to increase with particle concentration and aspect ratio, as expected from classical theory. There are ͑small͒ systematic differences in the absolute values of the nanofluid thermal conductivity among the various experimental approaches; however, such differences tend to disappear when the data are normalized to the measured thermal conductivity of the basefluid. The effective medium theory developed for dispersed particles by Maxwell in 1881 and recently generalized by Nan et al. ͓J. Appl. Phys. 81, 6692 ͑1997͔͒, was found to be in good agreement with the experimental data, suggesting that no anomalous enhancement of thermal conductivity was achieved in the nanofluids tested in this exercise.
I. INTRODUCTION
Engineered suspensions of nanoparticles in liquids, known recently as "nanofluids," have generated considerable interest for their potential to enhance the heat transfer rate in engineering systems, while reducing, or possibly eliminating, the issues of erosion, sedimentation and clogging that plagued earlier solid-liquid mixtures with larger particles. According to SciFinder Scholar, in 2008 alone 189 nanofluid-related publications ͑journal articles and patents͒ appeared ͑see Fig. 1͒ , and it is estimated that more than 300 research groups and companies are engaged in nanofluids research worldwide. Furthermore, several review papers on nanofluid heat transfer have been published [1] [2] [3] [4] [5] [6] [7] and recently even a book entirely dedicated to nanofluids has been released. 8 In spite of the attention received by this field, uncertainties concerning the fundamental effects of nanoparticles on thermophysical properties of solvent media remain. Thermal conductivity is the property that has catalyzed the attention of the nanofluids research community the most. As dispersions of solid particles in a continuous liquid matrix, nanofluids are expected to have a thermal conductivity that obeys the effective medium theory developed by Maxwell over 100 years ago. 9 Maxwell's model for spherical and welldispersed particles culminates in a simple equation giving the ratio of the nanofluid thermal conductivity ͑k͒ to the thermal conductivity of the basefluid ͑k f ͒
where k p is the particle thermal conductivity and is the particle volumetric fraction. Note that the model predicts no explicit dependence of the nanofluid thermal conductivity on the particle size or temperature. Also, in the limit of k p ӷ k f and Ӷ 1, the dependence on particle loading is expected to be linear, as given by k / k f Ϸ 1+3. However, several deviations from the predictions of Maxwell's model have been reported, including:
• a strong thermal conductivity enhancement beyond that predicted by Eq. ͑1͒ with a nonlinear dependence on particle loading; [10] [11] [12] [13] [14] [15] [16] • a dependence of the thermal conductivity enhancement on particle size and shape; and 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] • a dependence of the thermal conductivity enhancement on fluid temperature. 20, [26] [27] [28] To explain these unexpected and intriguing findings, several hypotheses were recently formulated. For example, it was proposed that:
• particle Brownian motion agitates the fluid, thus creating a microconvection effect that increases energy transport; [29] [30] [31] [32] [33] 1996 1998 • clusters or agglomerates of particles form within the nanofluid, and heat percolates preferentially along such clusters; [34] [35] [36] [37] [38] [39] and • basefluid molecules form a highly ordered highthermal-conductivity layer around the particles, thus augmenting the effective volumetric fraction of the particles. 34, 38, 40, 41 Experimental confirmation of these mechanisms has been weak; some mechanisms have been openly questioned. For example, the microconvection hypothesis has been shown to yield predictions in conflict with the experimental evidence. 25, 42 In addition to theoretical inconsistencies, the nanofluid thermal conductivity data are sparse and inconsistent, possibly due to ͑i͒ the broad range of experimental approaches that have been implemented to measure nanofluid thermal conductivity ͑e.g., transient hot wire, steady-state heated plates, oscillating temperature, and thermal lensing͒, ͑ii͒ the often-incomplete characterization of the nanofluid samples used in those measurements, and ͑iii͒ the differences in the synthesis processes used to prepare those samples, even for nominally similar nanofluids. In summary, the possibility of very large thermal conductivity enhancement in nanofluids beyond Maxwell's prediction and the associated physical mechanisms are still a hotly debated topic.
At the first scientific conference centered on nanofluids ͑Nanofluids: Fundamentals and Applications, September 16-20, 2007 , Copper Mountain, Colorado͒, it was decided to launch an international nanofluid property benchmark exercise ͑INPBE͒, to resolve the inconsistencies in the database and help advance the debate on nanofluid properties. This article reports on the INPBE effort, and in particular on the thermal conductivity data. Other property data collected in INPBE ͑prominently viscosity͒ will be reported in a separate publication in the near future. The article is structured as follows. The INPBE methodology is described in Sec. II. The nanofluid samples used in the exercise are described in Sec. III. The thermal conductivity data are presented in Sec. IV. The thermal conductivity data are compared with the effective medium theory predictions in Sec. V. The findings are summarized in Sec. VI.
II. INPBE METHODOLOGY
The exercise's main objective was to compare thermal conductivity data obtained by different organizations for the same samples. Four sets of test nanofluids were procured ͑see Sec. III͒. To minimize spurious effects due to nanofluid preparation and handling, all participating organizations were given identical samples from these sets and were asked to adhere to the same sample handling protocol. The exercise was "semiblind," as only minimal information about the samples was given to the participants at the time of sample shipment. The minimum requirement to participate in the exercise was to measure and report the thermal conductivity of at least one test nanofluid at room temperature. However, participants could also measure ͑at their discretion͒ thermal conductivity at higher temperature and/or various other nanofluid properties, including ͑but not necessarily limited to͒ viscosity, density, specific heat, particle size and concentration. The data were then reported in a standardized form to the exercise coordinator at the Massachusetts Institute of Technology ͑MIT͒ and posted, unedited, at the INPBE website ͑http://mit.edu/nse/nanofluids/benchmark/index.html͒. The complete list of organizations that participated in IN-PBE, along with the data they contributed, is reported in Table I. INPBE climaxed in a workshop, held on January  29-30 2009 in Beverly Hills, California, where the results were presented and discussed by the participants. The workshop presentations can also be found at the INPBE website.
III. TEST NANOFLUIDS
To strengthen the generality of the INPBE results, it was desirable to select test nanofluids with a broad diversity of parameters; for example, we wanted to explore aqueous and nonaqueous basefluids, metallic and oxidic particles, nearspherical and elongated particles, and high and low particle loadings. Also, given the large number of participating organizations, the test nanofluids had to be available in large quantities ͑Ͼ2 l͒ and at reasonably low cost.
Accordingly, four sets of test samples were procured. The providers were Sasol ͑set 1͒, DSO National Laboratories ͑set 2͒, W. R. Grace & Co. ͑set 3͒, and the University of Puerto Rico at Mayaguez ͑set 4͒. The providers reported information regarding the particle materials, particle size and concentration, basefluid material, the additives/stabilizers used in the synthesis of the nanofluid, and the material safety data sheets. Said information was independently verified, to the extent possible, by the INPBE coordinators ͑MIT and Illinois Institute of Technology, IIT͒, as reported in the next sections. Identical samples were shipped to all participating organizations.
A. Set 1
The samples in set 1 were supplied by Sasol. The numbering for these samples is as follows:
͑1͒ alumina nanorods in de-ionized water, ͑2͒ de-ionized water ͑basefluid sample͒, ͑3͒ alumina nanoparticles ͑first concentration͒ in polyalphaolefins lubricant ͑PAO͒ + surfactant, ͑4͒ alumina nanoparticles ͑second concentration͒ in PAO + surfactant, ͑5͒ alumina nanorods ͑first concentration͒ in PAO + surfactant ͑6͒ alumina nanorods ͑second concentration͒ in PAO + surfactant, and ͑7͒ PAO+ surfactant ͑basefluid sample͒.
The synthesis methods have not been published, so a brief summary is given here. For sample 1, alumina nanorods were simply added to water and dispersed by sonication. Sample 2, de-ionized water, was not actually sent to the participants. The synthesis of samples 3-7 involved three steps. First, the basefluid was created by mixing PAO ͑SpectraSyn-10 by Exxon Oil͒ and 5 wt % dispersant ͑Sol-sperse 21000 by Lubrizol Chemical͒, and heating and stirring the mixture at 70°C for 2 h, to ensure complete dissolution of the dispersant. Second, hydrophilic alumina nanoparticles 
094312-4
or nanorods ͑in aqueous dispersion͒ were coated with a monolayer of hydrophobic linear alkyl benzene sulfonic acid and then spray dried. Third, the dry nanoparticles or nanorods were dispersed into the basefluid. Table II reports the information received by Sasol along with the results of some measurements done at MIT and IIT. Figure 2 shows transmission electron microscopy ͑TEM͒ images for samples 1 and 3. TEM images for samples 4-6 are not available.
B. Set 2
The samples in set 2 were supplied by Dr. Lim Geok Kieng of DSO National Laboratories in Singapore. The numbering for these samples is as follows:
͑1͒ gold nanoparticles in de-ionized water and trisodium citrate stabilizer and ͑2͒ de-ionized water+ sodium citrate stabilizer ͑basefluid sample͒.
The nanofluid sample was produced according to a onestep "citrate method," in which 100 ml of 1.18 mM gold͑III͒ chloride trihydrate solution and 10 ml of 3.9 mM trisodium citrate dehydrate solution were mixed, brought to boil and stirred for 15 min. Gold nanoparticles formed as the solution was let cool to room temperature. Table III reports 
C. Set 3
Set 3 consisted of a single sample, supplied by W. R. Grace & Co.Silica monodispersed spherical nanoparticles and stabilizer in de-ionized water. The silica particles were synthesized by ion exchange of sodium silicate solution in a proprietary process. A general description of this process can be found in the literature. 43 Grace commercializes this nanofluid as Ludox TM-50, and indicated that the nanoparticles are stabilized by making the system alkaline, the base being deprotonated silanol ͑SiO − ͒ groups on the surface with Na + as the counterion ͑0.1-0.2 wt % of Na ions͒. The dispersion contains also 500 ppm of a proprietary biocide. Grace stated that it was not possible to supply a basefluid sample with only water and stabilizer "because of the way the particles are made." Given the low concentration of the stabilizer and biocide, de-ionized water was assumed to be the basefluid sample, and designated "sample 2," though it was not actually sent to the participants. Table IV reports the information received by Grace along with the results of some measurements done at MIT. Figure 4 shows the TEM images for the set 3 sample.
D. Set 4
The samples in set 4 were supplied by Dr. Jorge Gustavo Gutierrez of the University of Puerto Rico-Mayaguez n/a e n/a n/a n/a n/a 3 1 vol % 0. n/a n/a n/a n/a n/a 
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͑UPRM͒. A chemical coprecipitation method was used to synthesize the particles. 44 The set 4 sample numbering is as follows:
tion of stabilizer and water and ͑2͒ solution of stabilizer ͑25 wt %͒ and water ͑75 wt %͒ ͑basefluid sample͒.
The stabilizer is tetramethylammonium hydroxide or ͑CH 3 ͒ 4 NOH. Table V reports the information received by UPRM along with the results of some measurements done at MIT. Figure 5 shows the TEM images for sample 1.
IV. THERMAL CONDUCTIVITY DATA
The thermal conductivity data generated by the participating organizations are shown in Figs. 6-18, one for each sample in each set. In these figures the data are anonymous, i.e., there is no correspondence between the organization number in the figures and the organization list in Table I . The data points indicate the mean value for each organization, while the error bars indicate the standard deviation calculated using the procedure described in Appendix A. The sample average, i.e., the average of all data points, is shown as a solid line, and the standard error of the mean is denoted by the dotted lines to facilitate visualization of the data spread. The standard error of the mean is typically much lower than the standard deviation because it takes into account the total number of measurements made to arrive at the sample average. Each measurement technique is denoted by a different symbol, and averages for each of the measurement techniques are shown. The measurement techniques were grouped into four categories: the KD2 thermal properties analyzer ͑Decagon͒, custom thermal hot wire ͑THW͒, steady state parallel plate, and other techniques. Outliers ͑deter-mined using Peirce's criterion͒ are shown as filled data points and were not included in either the technique or ensemble averages.
It can be seen that for all water-based samples in all four sets most organizations report values of the thermal conductivity that are within Ϯ5% of the sample average. For the PAO-based samples the spread is a little wider with most organizations reporting values that are within Ϯ10% of the sample average. A note of caution is in order: while all data reported here are nominally for room temperature, what constitutes "room temperature" varies from organization to organization. The data shown in Figs. 6-18 include only measurements conducted in the range of 20-30°C. Over this range of temperatures, the thermal conductivity of the test fluids is expected to vary minimally; for example, the water thermal conductivity varies by less than 2.5%. Where deionized water was the basefluid ͑Figs. 7 and 16͒, the range of nominal thermal conductivity of water for 20-30°C is shown as a red band plotted on top of the measured data. Figures 19-26 show the thermal conductivity "enhance- n/a e n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 15.1 a Atomic fraction of metals measured by energy dispersive x-ray spectroscopy ͑EDS͒. The molar fraction of Mn and Zn was determined from stoichiometric balance. 
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ment" for all nanofluid samples, i.e., the ratio of the nanofluid thermal conductivity to the basefluid thermal conductivity. For each organization, the data point represents the ratio of the mean thermal conductivities of the nanofluid and basefluid, while the error bars represent the standard deviation calculated according to the procedure described in Appendix A. If a participating organization did not measure the basefluid thermal conductivity in their laboratory, a calculation of enhancement was not made. Again, the sample average is shown as a solid line along with the standard error of the mean, and outliers are indicated by filled data points. Note that there is reasonable consistency ͑within Ϯ5%͒ in the thermal conductivity ratio data among most organizations and for all four sets, including water-based and PAO-based samples. The INPBE database is summarized in Table VI . Comparing the data for samples 3, 4, 5, and 6 in set 1, it is noted that, everything else being the same, the thermal conductivity enhancement is higher at higher particle concentration, and higher for elongated particles than for near-spherical particles. Comparing the data for samples 1 and 5 in set 1, it is noted that the thermal conductivity enhancement is somewhat higher for the PAO basefluid than for water. The set 2 data suggest that the thermal conductivity enhancement is negligible, if the particle concentration is very low, even if metal particles of high thermal conductivity are used. On the other hand, the set 3 data suggest that a robust enhancement can be achieved, if the particle concentration is high, even if the particle material has a modest thermal conductivity. All these trends are expected, based on the effective medium theory, as will be discussed in Sec. V below. Table I reports the experimental techniques used by the various organizations to measure thermal conductivity, and provides, when available, a reference where more information about those techniques can be found. Transient, steadystate, and optical techniques were used to measure thermal conductivity. There are transient measurement techniques that require the immersion of a dual heating and sensing element in the sample, such as the transient hot wire ͑THW͒ and transient hot disk techniques. The THW technique is based on the relationship between the thermal response of a very small ͑Ͻ100 m͒ diameter wire immersed in a fluid sample to a step change in heating and the thermal conductivity of the fluid sample. 45 The THW technique was used by over half of the participating organizations, many of which used a custom built apparatus. The KD2 thermal properties analyzer made by Decagon, an off-the-shelf device that is based on the THW approach, was also used. The transient hot disk technique is similar to the THW technique, except that the heater/sensor is a planar disk coated in Kapton. 46 In steady-state techniques such as the parallel plate 47 and coaxial cylinder 48 methods, heat is transferred between two plates ͑or coaxial cylinders͒ sandwiching the test fluid. Measurement of the temperature difference and heat transfer rate across the fluid can be used to determine the thermal conductivity via Fourier's law. The thermal comparator method, also a steady-state method, measures the voltage difference between a heated probe in point contact with the surface of the fluid sample and a reference, which can be converted to thermal conductivity using a calibration curve of samples of known conductivity. 49 In the forced Rayleigh scattering method, an optical grating is created in a sample of the fluid using the intersection of two beams from a high-powered laser. The resulting temperature change causes small-scale density changes that create a refraction index grating that can be detected using another laser. The relaxation time of the refraction index grating is related to the thermal diffusivity of the fluid from which the thermal conductivity can be evaluated. 50 
A. Effects of the experimental approach on the thermal conductivity measurements
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The measurement techniques were grouped into KD2, custom THW, parallel plate, and other ͑which include thermal comparator, hot disk, forced Rayleigh scattering, and coaxial cylinders͒. Thermal conductivity and enhancement data for each group of measurement techniques is shown in Figs. 6-26. For each of the four measurement technique groupings, the average thermal conductivity is shown on the plot and is indicated by the solid line. In the custom THW data on Figs. 6 and 7, there is one measurement that is well above the average in both figures. This was the only THW apparatus with an uninsulated wire. Typically an insulated wire is used in this method to reduce the current leakage into the fluid. The higher thermal conductivity measured here may be a result of that effect. Excepting the outliers, all the measurement techniques show good agreement for de-ionized water ͑Figs. 7 and 16͒. For the PAO basefluid ͑Fig. 12͒ the uninsulated hot wire measurement ͑organization 14͒ is no longer an outlier. PAO is not as electrically conductive as water, and the current leakage effect should be less of an issue for this fluid.
As described in Appendix A, a fixed effects model was used to determine whether differences in the data from different measurement techniques are statistically significant. Because of the low number of data points in the parallel plate and Other categories, only the KD2 and custom hot wire techniques were compared. For all the samples in sets 1, 2, and 3, the KD2 thermal conductivity average is lower than the custom THW average. The fixed effects model shows that this is a statistically significant difference for samples 1, 3, 4, 6, and 7, in set 1, and sample 2 in set 3. In set 4, the KD2 average is higher than the Custom THW, but this difference is statistically significant only for sample 2 ͑the water+ stabilizer basefluid for the ferrofluid͒. It is not clear why the KD2 measurements are lower than the THW measurements for all fluids except those in set 4. Finally, in most cases, there is less scatter in the KD2 data for the PAO-based nanofluids than the water-based nanofluids. This may be due to the higher viscosity of the PAO, which counteracts thermal convection during the 30 s KD2 heating cycle.
It is difficult to make specific conclusions about thermal conductivity measurements using the parallel plate technique due to the low number of data points and the amount of scatter for some samples ͑see Figs. 13-15͒ . Additional measurements would be needed to determine if there is a systematic difference between the parallel plate technique and other techniques.
Although the thermal conductivity data show some clear differences in measurement technique, these differences become less apparent once the data are normalized with the basefluid thermal conductivities ͑Figs. 19-26͒. A comparison of the KD2 and THW techniques was again performed using the fixed effects model. The only statistically significant difference between the two techniques was for set 1, sample 4 ͑Fig. 21͒, the 3% volume fraction alumina-PAO nanofluid.
This study shows that the choice of measurement technique can affect the measured value of thermal conductivity, but if the enhancement is the parameter of interest, the measurement technique is less important, at least for the KD2 and THW techniques. Therefore, to ensure accurate determinations of nanofluid thermal conductivity enhancement using these techniques, it is important to measure both the basefluid and nanofluid thermal conductivity using the same technique and at the same temperature.
V. COMPARISON OF DATA TO EFFECTIVE MEDIUM THEORY
Equation ͑1͒ is valid for well-dispersed noninteracting spherical particles with negligible thermal resistance at the particle/fluid interface. To include the effects of particle geometry and finite interfacial resistance, Nan et al. 51 generalized Maxwell's model to yield the following expression for the thermal conductivity ratio:
where for particles shaped as prolate ellipsoids with principal axes a 11 = a 22 Ͻ a 33
and R bd is the ͑Kapitza͒ interfacial thermal resistance. The limiting case of very long aspect ratio in the theory of Nan et al. is bounded by the nanoparticle linear aggregation models proposed by Prasher et al. 37 , Keblinski et al. 52 , and Eapen. Obviously, Eq. ͑2͒ reduces to Eq. ͑1͒ for spherical particles ͑p =1͒ and negligible interfacial thermal resistance ͑R bd =0͒, as it can be easily verified. Equation ͑2͒ predicts that, if k p Ͼ k f , the thermal conductivity enhancement increases with increasing particle loading, increasing particle aspect ratio and decreasing basefluid thermal conductivity, as observed for the data in INPBE set 1. More quantitatively, the theory was applied to the INPBE test nanofluids with the assumptions reported in Appendix B. Figure 27 shows the cumula- 
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tive accuracy information of the effective medium theory for all the INPBE data. Two curves are shown: one for zero interfacial thermal resistance ͑upper bound͒, and one for a typical value of the interfacial resistance, 10 −8 m 2 K / W. [54] [55] [56] It can be seen that all INPBE data can be predicted by the lower bound theory with Ͻ17% error, while the upper bound estimate predicts 90% of the data with Ͻ18% error.
The above data analysis demonstrates that our colloidally stable nanofluids exhibit thermal conductivity in good agreement with the predictions of the effective medium theory for well-dispersed nanoparticles. That is, no anomalous thermal conductivity enhancement was observed for the nanofluids tested in this study. As such, resorting to the other theories proposed in the literature ͑e.g., Brownian motion, liquid layering, and aggregation͒ is not necessary for the interpretation of the INPBE database. It should be noted, however, that the ranges of parameters explored in INPBE, while broad, are not exhaustive. For example, only one nanofluid with metallic nanoparticles was tested, and only at very low concentration. Also, the temperature effect on thermal conductivity was not investigated.
VI. CONCLUSIONS
An international nanofluid property benchmark exercise, or INPBE, was conducted by 34 organizations participating from around the world. The objective was to compare thermal conductivity data obtained by different experimental approaches for identical samples of various nanofluids. The main findings of the study were as follows.
͑1͒
The thermal conductivity enhancement afforded by the tested nanofluids increased with increasing particle loading, particle aspect ratio and decreasing basefluid thermal conductivity. ͑2͒ For all water-based samples tested, the data from most organizations deviated from the sample average by Ϯ5% or less. For all PAO-based samples tested, the data from most organizations deviated from the sample average by Ϯ10% or less. ͑3͒ The classic effective medium theory for well-dispersed particles accurately reproduced the INPBE experimental data; thus, suggesting that no anomalous enhancement of thermal conductivity was observed in the limited set of nanofluids tested in this exercise. ͑4͒ Some systematic differences in thermal conductivity measurements were seen for different measurement techniques. However, as long as the same measurement technique at the same temperature conditions was used to measure the thermal conductivity of the basefluid, the thermal conductivity enhancement was consistent between measurement techniques. 
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APPENDIX A: STATISTICAL TREATMENT OF DATA
For each fluid sample, the thermal conductivity raw data ͑x i1 , x i2 , ... ,x in i ͒ from the ith organization were processed to estimate the organization's mean ͑x i ͒ and standard deviation ͑s i ͒, respectively, as
The values of x i and s i for each organization are shown in Figs. 6-18 as data points and error bars, respectively. The normality of the x ij data sets was checked using the ShapiroFrancia WЈ test 57 and was found to be satisfactory. Peirce's criterion 58 was used to identify outliers which were not included in the sample average and variance calculations described below, but are shown in Figs. 6-18 as filled data points.
The analysis of data among different organizations was carried out using the random effects model. 57 In the random effects model, an assumption is made that the conclusions from the analysis can be applied to a wider class of measurements of which the n i populations ͑or organizations, in this case͒ are a representative subset. The model assumes that
where is the estimator of the sample mean, ␣ i is the systematic error for each organization ͑which are treated as random errors among organizations͒, and e ij is the random or unexplained error for each measurement. It is helpful to note that
It is assumed that ␣ i and e ij are normally distributed with zero means and standard deviations of a and e , respectively. The normality of the e ij data sets was checked using the Shapiro-Francia WЈ test and was found to be satisfactory. This analysis assumes that standard deviations within the organizations are equal ͑ i = e ͒. This was checked by performing pair-wise F-tests on i .
The standard random effects model uses a weighted average as the sample average ͑taking into account the number of data points reported by each organization͒,
We believe that this definition overemphasizes the contributions from organizations that reported many data points. For the purposes of this study, a more appropriate estimator of the sample mean is an unweighted average of organization averages given in the following equation:
This way, each organization contributes equally to the ensemble average. This estimator has been analyzed in the literature 57 and its variance is given by 2 
͑A11͒
The standard error ͑͒ of the unweighted average is shown in Figs. 6-18 as dotted lines plotted above and below the sample average. The literature shows that the estimator ͑A5͒ is preferred over the estimator ͑A4͒ if a 2 Ͼ e 2 . 57, 59 The statistical analysis shows that this condition is satisfied for the INPBE data.
Thermal conductivity enhancements were determined from the ratio of the nanofluid thermal conductivity to the basefluid thermal conductivity and are given as y i . If an organizational mean for a given fluid sample was identified as an outlier in the thermal conductivity analysis, it was not excluded here in determining enhancements. A second round of applying the Peirce criterion excluded those enhancements that were outliers.
The standard deviation ͑error bars͒ of the thermal conductivity enhancements ͑data points͒ for individual organizations shown in Figs. 19-26 were calculated by propagating the standard deviation of the numerator and denominator. 60 That is, if y = x nf / x bf , then:
ͪ.
͑A12͒
The procedure for calculating the thermal conductivity enhancement sample average and its variance was based on Eqs. ͑A5͒-͑A11͒, where the thermal conductivity for each organization, x i , is replaced by the thermal conductivity enhancement for each organization, ȳ i , and n i is the harmonic average of the total number of measurements used to calculate the enhancement. To compare the different measurement techniques, the fixed effects model was used. 57 For each technique, the technique average and the variance were determined using Eqs. ͑A5͒-͑A11͒ above. For an unbalanced data set ͑one in which there are a different number of data points for each measurement technique to be compared͒, the approximate TukeyKramer intervals were used, which depend on the probability statement,
for all i,iЈ ͮ = 1 − ␣, ͑A13͒
where q ␣,k, is the upper ␣ point of the "studentized" range distribution for k ͑the number of measurement techniques compared͒ and , the degrees of freedom ͑N − k͒. If the interval given in Eq. ͑A12͒ does not contain zero for any combination of two measurement techniques, then the difference in technique mean is statistically significant.
APPENDIX B: ASSUMPTIONS USED IN THE EFFECTIVE MEDIUM MODEL FOR THERMAL CONDUCTIVITY
Use of the model of Nan et al. requires input of the values of the particle volumetric fraction ͑͒, particle minimum axis ͑a 11 ͒, particle aspect ratio ͑p͒, particle thermal conductivity ͑k p ͒, basefluid thermal conductivity ͑k f ͒, and 
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interfacial thermal resistance ͑R bd ͒. The nominal values used to generate the curves in Fig. 27 are shown in Table VII. 
